Electric vehicles (EVs) offer great potential to move from fossil fuel dependency in transport once some of the technical barriers related to battery reliability and grid integration are resolved. The European Union has set a target to achieve a 10% reduction in greenhouse gas emissions by 2020 relative to 2005 levels. This target is binding in all the European Union member states. If electric vehicle issues are overcome then the challenge is to use as much renewable energy as possible to achieve this target. In this paper, the impacts of electric vehicle charged in the all-Ireland single wholesale electricity market after the 2020 deadline passes is investigated using a power system dispatch model. For the purpose of this work it is assumed that a 10% electric vehicle target in the Republic of Ireland is not achieved, but instead 8% is reached by 2025 considering the slow market uptake of electric vehicles. Our experimental study shows that the increasing penetration of EVs could contribute to approach the target of the EU and Ireland government on emissions reduction, regardless of different charging scenarios. Furthermore, among various charging scenarios, the off-peak charging is the best approach, contributing 2.07% to the target of 10% reduction of Greenhouse gas emissions by 2025.
Introduction
In recent years, climate changes caused by carbon emissions have attracted considerable attention worldwide [1] . "WMO greenhouse gases bulletin" published by World Meteorological Organization in 2011 pointed out that the concentration of greenhouse gases (GHG) in the atmosphere has reached a high record in 2010. The average concentration of CO 2 reached 389.0 ppm, while the Nitrous oxide reached 323.2 ppb, with the increase of 39% and 20% respectively comparing with their counterparts during the industrial revolution [2] . The increased GHG emissions are largely due to the use of fossil fuels. The atmospheric pollution produced by transportation industry due to large usage of fossil fuel, oil and natural gas, has become a major issue, surpassing the traditional industrial pollution [3] . In terms of carbon emissions, transportation and electricity industry are the two key sectors [4] . In the European Union (EU) there are strict binding GHG reductions targets and renewable energy targets called 20 -20 by 2020 [5] . In each EU member state the targets have been implemented. For example in the Republic of Ireland it is proposed that GHG emissions need to be cut by 60% -80% by 2050 [6] . Carbon dioxide (CO 2 ) emission is a major part of GHG which accounted for 80% of all GHG emissions in 1990-2010. Thus the Irish government has set a target that CO 2 emissions be reduced to 20% by 2020 in keeping with EU directives [7] . Transport is one of the main sectors dependent on fossil fuels, and is thus a major source of GHG emissions. It is believed that electric vehicles (EV) can reduce heavy fossil fuel dependency, support better renewable power integration and thus reduce GHG emissions. In the Republic of Ireland, a country with a large wind power resource the Irish government set a 10% EV target by 2020 [8] . Consequently, it is thought that a better reduction in GHG emissionsis achievable and increased security of energy supply by reducing oil imports and more efficient wind power integration may be possible. However, there are many technical challenges relating to mass EV deployment, such as battery reliability, as well as the impacts of stochastic charging and potentially discharging on both the grid and the generators.
A number of studies have examined the interaction of EVs with the power system considering emissions. For example, the CO 2 emissions of battery electric vehicles (BEV) and plug-in hybrid electric vehicles (PHEV) are compared in [9] [10] provides a bottom-up model of EV carbon emissions and energy impacts in the Republic of Ireland.
In this paper, the EV technologies are briefly reviewed and the impacts of EV charged in the all-Ireland single wholesale electricity market after the 2020 deadline passes is investigated using a power system dispatch model called PLEXOS for power systems. For the purpose of this work it is assumed that a 10% electric vehicle target in the Republic of Ireland is not achieved, but instead 8% is reached by 2025 considering the slower market uptake of electric vehicles. The test system is the single wholesale electricity market (SEM) of Northern Ireland and the Republic of Ireland in 2025. Four different EV charging scenarios are analysed to determine increased renewable energy penetration, the net reduction in CO 2 emissions and the percentage contribution to the 2020 target.
Overview of EV Technology

Electric Vehicle Types
There are several types of EVs. The common types are BEVs and PHEVs. The BEV is powered by 100% electric energy, whereas PHEVs are powered by electric energy, as well as a downsized combustion engines. Both types have an electric motor powered by a rechargeable battery. This battery is recharged by connecting it to a power supply. A BEV does not emit any tail-pipe emissions because it operates in only electric mode. However, a PHEV produces emissions when using their combustion engines to drive the car. Nevertheless, both types may implicitly produce GHG emissions due to the need to charge the battery from the grid where thermal generation units are in use.
Electric Vehicle Battery Charging
The preferred battery type for the majority of EV manufacturers is lithium-ion due to that it has a high storage capacity. The current average battery driving range and battery capacity of commercial BEVs in the market are 130 km and 22 kWh respectively [11] . Battery performance of EVs and their ability to achieve stated driving ranges is highly dependable on the driving styles and environment conditions.
There are three types of charging options available for EVs, including home charging, public charging and fast charging. Table 1 shows the charging options [11] .
Model of the SEM and EV Charging Scenarios
In order to assess the impact of different EV charging scenarios on the power system, a base line power system model is first built. PLEXOS is an MIP-based (mixed integer programming algorithm) software used for the next-generation energy market simulation and optimization [12] . The software can realistically replicate the actual operation of generators in the physical market as all technical constraints can be modeled and obeyed. PLEXOS can be used to minimize cost or maximize profit and to integrate the analysis of variable energy resources. It could also be used for electrical market analysis.
SEM Test System
The Republic of Ireland and Northern Ireland share a synchronous power system known as the All-Island Gird (AIG), which facilitates the operation of the SEM. The SEM system was built in PLEXOS using [13] . These are based on published data from NERA Economic Consultants (2008), KEMA (2007) and Energy Regulation (2011) [14] . GDP grossing function from Gross Domestic Product Preliminary Estimate 2014 association with the growth of economy potential output and population growth curve were used to update 2007-2008 energy load demand of Ireland for the year of 2025 [15] . Using gross domestic product predictions for Ireland and the UK then load demand in each hour in a typical day by 2025 was extrapolated [16] . The totally load demand in 2025 as predicted to be 57,325 GWh.
The SEM 2025 baseline model needs a number of generation data and the generation schedule of 2025. In this research the generation data was developed based on the report of SONI 2014 and EirGrid 2014 [17] . We have updated the technical details for all the generators. The total predicted installed capacity for 2025 was estimated to be 14,983 MW. Table 2 shows all the types of generators dispatched in the SEM by 2025 without an EV load. It is obviously that gas, coal and wind generations were the three largest contributors to generation capacity.
It is forecasted that approximately 20,032 MWh are available for dispatch via wind generators and the wind generation data was updated for EirGrid since 2009. It is assumed that the power supplied by wind generation is limited to 70% of total energy demand.
The fuel price is set and updated for generation on the basis of the fuel market form UK Fuel Price forecast report [18] . The carbon cost is set to £20/t for CO 2 , which is referenced with the carbon prices usually used in PLEXOS, for instance, the carbon cost was set to £30/t in PRIMES EU-wide energy model. The fuel prices are listed in Table 3 .
The SEM is linked to the British Electricity Trading and Transmission Arrangement (BETTA) via the 500 MW Moyle Interconnector. It is assumed that any existing flow constraints on the Moyle Interconnector have been removed by 2025. Another 500 MW interconnector is under construction between Rush, County Dublin to Bark by Beach, North Wales, which is called as the East West Interconnector (EWIC). In the present work, it was assumed that the EWIC commenced operation in 2012. Total interconnection to BETTA in PLEXOS in 2025 is represented as a single gas generator with 12 different heat rates and operating costs using the SEM validated market model produced by CER and UR (2011). This is because gas-fired generation is the predominant marginal plant in the BETTA and there is a strong correlation between the cost of gas-fired generation and the BETTA market price.
EV Charging Scenarios
An EV target has been set up by the Irish government that 10% of all vehicles fleet in all island should be replaced by EVs by 2025. It is assumed for this analysis that the 10% EV target may be difficult to achieve considering some of the existing challenges and slow EV sales. Therefore a figure of 8% EV market share was assumed in 2025. Thus the total EVs is calculated to be 343,918 vehicles. Furthermore the EV types were limited to just PHEV with a 3.3 kW and 16 kWh battery in this analysis. Four EV charging profiles were examined, including 1) off-peak and 2) peak charging, 3) Electric Power Research Institute (EPRI) [19] EV charging data Hydro 0 and 4) stochastic charging as illustrated in Figure 1 during a one day period. 1) Off-peak and peak charging profiles Rate of EV domestic charging for PHEVs with a 16 kWh battery is shown in Table 4 . Off-Peak charging profile is obtained from this EV data associated with the No. of EV in Ireland using 0.88 efficiency if charging from 00:00. The charging power was calculated as 847.76 MW. It is assumed that 85% of EVs charge during the week and 15% of EVs charge at the weekend when built the charging profile. Off-Peak charging data are listed in Table 5 . This charging profile has been expanded to the whole year of 2025. Then the results were added as a purchaser load in PLEXOS 2025 baseline model. It can be seen that the EV's Peak charging profiles are similar with Off-Peak during the period of charging from 16:00 to 24:00.
2) EPRI Charging Profiles An aggregated charge profile was created for the fleet of PHEVs in the model. 100% of the charge energy requirements are apportioned to each hour of the day. The data of EPRI charging are listed in Table 6 . In this analysis, it was assumed that the highest charging loads occur during late night and early morning hours whereas the modest loads from daytime. The public or workplace charging presumably occurred in the middle of the day. Hours of minimal charging correspond roughly with commute times. This specific charge profile creates a scenario where 74% of the charging energy is delivered from 10:00 p.m. to 6:00 a.m. (nominally off-peak). The remaining 26% is provided between 6:00 a.m. to 10:00 p.m. It is one of the simplest scenarios among many possible scenarios and it represents an initial approximation of aggregate charging behavior in a fleet of PHEVs. The charging power was calculated as 467.73 MW.
3) Stochastic charging profiles The stochastic charging profile is very similar to the EPRI charging profile, but it has a random percent value for each hour. Both of EPRI and stochastic charging profiles' function are number of all EVs multiplying 16 kWh for each PHEV capacity, and then multiplying the percent of each hour.
2025 SEM Baseline Model
The power generation for the regular load demand in the SEM in 2025 is met by wind, gas and coal. As shown in Table 2 that 34.71% of power comes from wind, 37.32% power from gas and 11.59% from coal. So the base load is met mainly by gas and wind. Meanwhile, the gas generators will act as support generator when wind is low. The results of baseline model for 2025 are shown in Table 7 .
Resultsand Analysis
The validated SEM model [13] was a fundamental starting point to carry out this analysis as a complete set of baseline transmission and generation data was already set-up in PLEXOS. As the EV load demand and charging behaviors are highly unpredictable, different scenarios of EV charging, a range for load demands and charging profiles were examined in the 2025 SEM model.
Off-Peak Charging in Model
Off-peak charging means to allocate all the charging power during off-peak load time periods. It can be clearly seen from Figure 1 and Table 6 that the off-peak EV charging scenario makes a huge load on the baseline system during the night from 00:00. The profiles of dispatch change due to the off-peak EV charging are illustrated in Figure 2 . Obviously, it could be found from Figure 2 that gas is the predominant energy to meet the EV load. However, the additional demand from EV is also powered by other generators. The profiles of off-peak load and base line load at 8th June 2025 were simulated using our model. It could be found that the maximum power appears during the day time (Figure 3) . The annual cost to all EV and average price paid by purchaser are calculated as £61,568 and £195 respectively. EV renewable load of wind variability during off-peak is 503.87 GWh and EV Renewable Load is 1259.67 GWh. EV Renewable Load (kTOE) is 108.33 GWh. Thus the contribution to 10% renewable energy target (%) of wind variability during off-peak is estimated to be 2.07%. All outputs from the simulations in PLEXOS for each charging scenario, such as generation cost, system marginal price (SMP), emissions, cost of EV and so on, are reported in Tables 8-10 , respectively.
Annual Power System with EV Load
Annual power system characteristics for each scenario are reported in Table 11 . It is found that the ability of EVs to reduce GHGs emissions is highly relative to the multitudinous factors of generators in a generation portfolio, the type of the charging portfolio and the time of day when charging. Table 9 . Emissions generated in 2025 sem due to off-peak charging. The EV load was predominantly charged by gas dispatch in all the charging scenarios as showed in Figure 2 . The gas was assisted by coal, wind, pumped hydro and interconnector power depending on the size of the EV load and the period of charging. In addition, the same demand in different charging time will cause the change of totally generation cost and emissions. The SMP is reduced from peak charging to off-peak or EPRI charging. This indicates that if the EV owners charge their EV during the night time will save more for both themselves and the SEM. The total generation and generation cost also will reduce by a proper time charging.
Conclusion
This paper has investigated the impacts of EV charging on the power system and SEM in a future case of 2025. The SEM model and the four EV charging profiles are built in PLEXOS. The results from these all models were analyzed to outline the effects of additional EV load combined in a future power system. The present investigation confirmed that the increasing penetration of EVs could contribute to approaching the target of the EU and Ireland government in terms of emission reduction, regardless of different charging scenarios. In addition, it could also be found that the off-peak charging is the best way to charge EV load by the comparison with other three types of charging as shown in the previous research, contributing 2.07% to the target of 10% reduction of Greenhouse gas emissions by 2025.
